Abstract. Fumigation of annual bluegrass (Poa annua L.)-infested putting greens before seeding creeping bentgrass (Agrostis stolonifera L.) prevents stand contamination due to annual bluegrass seedling emergence. Dazomet is a soil fumigant labeled for use in putting green renovation; however, limited data are available on effi cacy of dazomet controlling annual bluegrass seedling emergence following surface-applications. The objectives of this study were to determine the infl uence of rate and plastic covering of surface-applied dazomet on annual bluegrass seedling emergence in putting green turf; and safe creeping bentgrass seeding intervals following applications of dazomet to putting green surfaces. Treatments were applied in late summer to the surface of a 20-year-old stand of turf maintained as a putting green and plots were watered immediately after application and throughout each test period. Plastic-covered dazomet treatments had fewer annual bluegrass seedlings than noncovered dazomet treatments. Three plastic-covered dazomet treatments (291, 340, and 388 kg·ha 
The frequency of golf course putting green renovations has increased in the northern United States because of problems associated with annual bluegrass encroachment and releases of improved creeping bentgrass cultivars (Savini, 2003; Beard and Sifers, 1997) . A popular means of renovating putting greens involves using methyl bromide (bromomethane) to kill existing turf and annual bluegrass seed in the soil, followed by seeding of creeping bentgrass. Whereas, this method has been successfully employed for many years, methyl bromide may be banned in 2005 for agricultural and turfgrass uses in the United States (Ristaino and Thomas, 1997; Unruh, 1998 ). An alternative fumigant for putting green renovation would be an advantage to golf clubs and superintendents wishing to renovate putting greens if methyl bromide becomes unavailable for use.
Dazomet is a granular soil fumigant that controls fungi, bacteria, nematodes, and weed seeds in soils (Fritsch and Huber, 1995; Harris, 1991) . In moist soils, dazomet is degraded into several volatile intermediate products, including methylisothiocyanate (MITC). Methylisothiocyanate is toxic to various soilborne organisms, weeds, and weed seeds (Fritsch and Huber, 1995; Mappes, 1995) .
Recent research has revealed that dazomet provides varying degrees of preemergence control of annual bluegrass when applied to the surface of soil or to established turf maintained as a golf course fairway (Branham et al., 1994; Hardebeck et al., 2000; Park and Landschoot, 2003) . Park and Landschoot (2003) reported that dazomet provided 92% to 97% control of annual bluegrass seedling emergence when applied at the rate of 388 kg·ha -1 to the surface of annual bluegrass-infested turf maintained as a golf course fairway. Although these results suggest that dazomet can provide a high degree of annual bluegrass control in fairway turf, golf course superintendents and golf club members demand complete control of annual bluegrass in putting green renovations.
Putting greens may be more amenable to fumigation and complete control of annual bluegrass than fairway turf. Putting green root zones are frequently composed of sandy soils, and these soils allow better diffusion of toxic gases than silt and clay soils, resulting in more effective fumigation (Lembright, 1990) . Also, covering turf with plastic tarps following dazomet application can improve control of annual bluegrass seedling emergence compared to not covering treated turf, and is more practical for small areas (i.e., putting greens) than large areas, such as fairways (Park and Landschoot, 2003) .
Dazomet does not provide selective control of grass seed germination and emergence; therefore, golf course superintendents must be certain that phytotoxic concentrations of MITC are not present near the surface of the putting green at the time of creeping bentgrass seeding. Appropriate intervals for seeding creeping bentgrass into putting greens following surface applications of dazomet must be determined so that sound seeding recommendations can be made.
The objectives of this study were to determine 1) the infl uence of rate and plastic covering of surface-applied dazomet on annual bluegrass seedling emergence in turf maintained as a golf course putting green, and 2) safe creeping bentgrass seeding intervals following surface applications of dazomet covered with plastic or not covered.
Materials and Methods
Experimental site description. Both of the experiments in this study were conducted at the Joseph Valentine Turfgrass Research Center in University Park, PA on a 20-yearold mixed stand of creeping bentgrass 'Penneagle' (≈30%) and annual bluegrass (≈70%) maintained as a putting green. The soil was a sandy loam (67% sand, 29% silt, 4% clay) with a pH of 8.0, P at 42.6 kg·ha -1 , a cation exchange capacity of 13.0 cmol charge/kg soil, and exchangeable K at 0.7 cmol/kg soil. The surface of the putting green contained a 2.5-cm noncompressed layer of mat (thatch and sand mixture). The stand was fertilized with Contec Starter Fertilizer 19-25-5 (The Andersons, Maumee, Ohio) at 48.8 kg·ha -1 of N in 2000, 2001, and 2002 . Before the start of each experiment, the turf was irrigated to prevent drought stress and mowed daily with a reel mower at a height of 3.1 mm. Clippings were collected in baskets and removed from the site. No herbicides (other than dazomet and glyphosate [N-(phosponomethyl)glycine]) were applied to the site during 2000, 2001, or 2002 .
Effects of dazomet rate and plastic covering on annual bluegrass seedling emergence. This experiment was conducted during 2000 and 2001 on the previously described site. Glyphosate was applied to turf on entire test areas at 3.4 kg·ha -1 before treatment applications on 11 July 2000 and 10 July 2001. The existing turf was killed with glyphosate before dazomet treatment applications because preliminary tests (unpublished) showed that the two lowest rates of dazomet used in this experiment did not kill all of the established turf. Turf in the control plots was treated with glyphosate to facilitate accurate assessments of annual bluegrass emergence because this herbicide will not affect emergence.
On 25 To whom reprint requests should be addressed; e-mail pjl1@psu.edu. unit was equipped with 1.6-cm-diameter tines positioned on 5.1-cm centers that cored to a depth of 6.4 cm. The cores were removed from the test areas and the holes were fi lled with a soil mix consisting of 80% sand : 20% peat (by volume). On 3 Aug. 2000 and 23 July 2001, a Ryan Mataway (Cushman Inc., Lincoln, Neb.) walk-behind vertical mowing unit equipped with vertical blades 2.5 cm apart was used to scarify the turf surface to a depth of 0.6 cm. Immediately following scarifi cation, the perimeters of plots designated to be covered with plastic were excavated using a trencher (model 28; Olathe Manufacturing Inc., Industrial Airport, Kan.). Each trench was 8.0 cm deep and 7.5 cm wide.
Treatments included dazomet applied to the turf surface at 0, 194, 291, 340, or 388 kg·ha -1 and covered with clear plastic sheets (4.0 mil thick); dazomet applied to the turf surface at the same rates and not covered. Treatments were arranged as a 5 × 2 factorial. The experimental design was a randomized complete block design with three replications. Plot size was 1.2 × 1.8 m and each plot was surrounded by a 0.3-m border.
Dazomet treatments were applied by hand using shaker jars on 5 Aug. 2000 and 25 July 2001. Following dazomet applications, ≈1.3 cm of water was applied through an automatic irrigation system to entire test areas. Water was applied incrementally over about 60 min to allow infi ltration into the soil and to prevent surface ponding and runoff. Immediately after watering, plastic sheets were placed over the four dazomet treatments and one nontreated control that were designated to be covered. The edges of each plastic sheet were placed in the previously excavated trenches and backfi lled with sand. On 12 Aug. 2000 and 1 Aug. 2001, 7 d after treatment (DAT) with dazomet, the plastic sheets were removed from covered plots.
Following the initial irrigation application for each test, a post-treatment irrigation regime was used and consisted of two to three irrigation cycles each day with about 0.3 cm of water applied per cycle. The objective of this regime was to keep the soil surface moist between the date of application and the date on which seedlings were counted. Frequent irrigation created an environment conducive for annual bluegrass seed germination and presumably reduced losses of phytotoxic gases on noncovered plots, as stated on the dazomet product label (Basamid Granular, BASF AG, Ludwigshafen, Germany).
During the 26-d test period in 2000, daily air temperatures at the test site ranged from 28 to 8 °C (average daily high = 25 °C; average daily low = 15 °C) and the test area received a total of 20 cm of irrigation and rainfall. In 2001, daily air temperatures ranged from 35 to 11 °C during the 27-d test period (average daily high = 28 °C; average daily low = 18 °C) and the test area received a total of 28 cm of irrigation and rainfall.
On 30 Aug. 2000 (25 DAT) and 20 Aug. 2001 (26 DAT), annual bluegrass seedlings were counted in all plots. These dates were chosen because numerous seedlings emerged in some of the plots and evaluators would have experienced diffi culty distinguishing among individual seedlings if counts were delayed for longer than 25 and 26 DAT. Some additional seedlings may have emerged in some plots after the counts were made. However, observations of the plastic-covered 291, 340, and 388 kg·ha -1 dazomet-treated plots and noncovered 340 and 388 kg·ha -1 dazomet-treated plots did not reveal any newly emerged seedlings up to one month after seedlings were counted.
Seedling counts were made by placing a 1.2 × 1.8-m grid (2.2-m 2 ) over each plot and counting all seedlings within the grid. Seedling counts were subjected to a square root transformation before statistical analysis (Steel and Torrie, 1980) . Transformed seedling counts were subjected to analysis of variance and means were separated using Fisher's protected least signifi cant difference test at the 0.05 level of signifi cance. The nontransformed seedling counts are presented in The dazomet was applied to each test site at 388 kg·ha -1 using a 0.9-m-wide drop spreader (Gandy Co., Owatonna, Minn.). Immediately after application, each site received 1.3 cm of irrigation water and was covered with clear plastic sheets (4.0 mil thick) which were secured to the ground with steel pins. The plastic sheets were removed on 2 July 2001 and 1 July 2002 (5 d after treatment). To insure that the dazomet application did not interfere with the seedling interval experiment treatments, the test area was fumigated about 7 weeks before treatment applications in 2001 and 2002. Preliminary tests (unpublished) at this site indicated that creeping bentgrass seed germination was not inhibited when seeded 4 wk or more following application of dazomet at 388 kg·ha -1 . On 12 Aug. 2001 and 19 Aug. 2002 , the test area was core-aerated and topdressed in a manner identical to that described in the previous experiment. On 22 Aug. 2001 and 20 Aug. 2002 , the areas were scarifi ed and trenches excavated as described in the previous experiment.
Following site preparation, each test area was divided into three replicate blocks, each block contained sixteen 1.2 × 1.8-m plots surrounded by 0.3-m borders. Eight plots in each block were treated with dazomet at 388 kg·ha -1 , and eight plots were not treated. Four of the eight plots treated with dazomet were covered with clear, plastic sheets (4 mil thickness), whereas the other four were not covered. Four of the eight nontreated plots were covered with clear plastic sheets, and the other four were not covered. Dazomet was applied with shaker jars on 24 Aug. 2001 and 22 Aug. 2002 . Within 60 min of dazomet application, 1.3 cm of water was applied to the entire test area. Immediately after watering, plastic sheets were placed over the eight dazomet treatments and eight nontreated controls designated to be covered. The edges of each plastic sheet were placed in the trenches and backfi lled with sand. On 31 Aug. 2001 and 29 Aug. 2002 (7 DAT) the plastic sheets were removed from all covered plots.
The seeding interval treatments consisted of 'Penn G-6' creeping bentgrass seeded at 48.6 kg·ha -1 on dazomet-treated and nontreated turf at 8, 10, 13, and 16 d after dazomet was applied to the plots. Treatments were arranged as a 4 × 2 × 2 factorial. The experimental design was a randomized complete block design with three replications. Penn G-6 seed was applied through shaker jars. Contec Starter Fertilizer (19-25-5) was distributed over each seeded plot using shaker jars at a rate of 49.0 kg·ha -1 of N. The soil surface was kept moist by using the post-treatment irrigation regime described in the previous experiment. , by collecting clippings from each plot using a 56.9-cm-wide reel mower bench-set at a cutting height 1.3 cm. Clippings were collected from a 1.1-m 2 area in each plot, weighed, and recorded as fresh clipping yields. All data were subjected to analysis of variance and means were compared using Fisher's protected least signifi cant difference test at the 0.05 level of signifi cance.
Results

Effects of dazomet rate and plastic covering on annual bluegrass seedling emergence.
Analysis of variance of data collected in 2000 and 2001 indicates that the main effects of dazomet treatment and plastic covering were signifi cant (P ≤ 0.01) ( Table 1 ). All dazomet treatments reduced the number of emerged annual bluegrass seedlings compared to controls during both years of this experiment. Plasticcovered dazomet treatments resulted in fewer emerged annual bluegrass seedlings compared to noncovered treatments in 2000 and 2001.
Analysis of variance shows that a signifi cant (P ≤ 0.01) dazomet treatment × plastic covering interaction occurred for data collected in 2000 but not in 2001 (Table 1 ). The interaction indicates that numbers of annual bluegrass seedlings decreased as the rate of dazomet increased for noncovered dazomet treatments; however, no differences occurred among dazomet rates with respect to seedling numbers for plastic-covered treatments in 2000.
When applied at 291, 340, and 388 kg·ha (Table 3) . These results indicate that no differences in ground cover could be detected among dazomet treatments and controls at 22 DAS, regardless of plastic covering treatment, for treatments seeded 8, 10, 13, and 16 d after dazomet was applied to the plots (1, 3, 6, and 9 d after plastic covers were removed from plots).
Whereas, a signifi cant (P ≤ 0.001) seeding interval effect occurred for ground cover in 2001, no signifi cant seeding interval effect was evident in 2002. The signifi cant seeding interval effect in 2001 indicates that percent ground cover at 22 DAS declined in dazomet-treated plots from the 13 to the 16 DAT seeding interval treatments (Fig. 1) . This was probably due to the effects of colder air and soil temperatures reducing creeping bentgrass growth for the last seeding interval treatment. Because temperatures were warmer and more constant throughout the 2002 test period compared to the 2001 test period, ground cover was not as strongly affected among the different seeding interval treatments.
Clipping yields were greater in 2002 than in 2001, presumably due to warmer air temperatures during the 2002 test period. Analysis of variance of clipping yield data collected on 13 Nov. 2001 and 3 Nov. 2002 indicate that the main effect of dazomet treatment was signifi cant (P ≤ 0.001) in both years (Table 3 ). The main effect of seeding interval was signifi cant (P ≤ 0.05) in 2001, but not in 2002, whereas the main effect of plastic was not signifi cant in either year. In 2001, clipping yields were greater in dazomet-treated plots than in control plots for the 8, 10, and 13 DAT seeding interval treatments, but no differences occurred between dazomettreated and control plots for the 16 DAT seeding interval treatment (Fig. 2) . In 2002, clipping yields were greater in dazomet-treated plots compared to controls for all seeding interval treatments (Fig. 3) .
A signifi cant (P ≤ 0.05) dazomet treatment by seeding interval interaction occurred for clipping yields during 2001, but not in 2002 (Table 3 ). This interaction indicates that clipping yields No plastic indicates that fi eld plots were not covered with plastic following dazomet application, plastic indicates that fi eld plots were covered with plastic sheets for seven days following dazomet application. Column numbers followed by the same letter are not signifi cantly different as determined by Fisher's protected least signifi cant difference test at P = 0.05 on transformed data. 
Days after seeding each respective seeding interval treatment.
NS,*,**,*** Nonsignifi cant or signifi cant at P ≤ 0.05, 0.01, or 0.001, respectively. were greater for dazomet treatments compared to controls at 8, 10, and 13 DAT but not at 16 DAT in 2001 (Fig. 2.) . This was likely due to cooler air temperatures slowing creeping bentgrass establishment during latter stages of the test period, thus negating the growth enhancement benefi t from the dazomet.
Discussion
Surface applications of dazomet on annual bluegrass-infested turf growing in a sandy loam soil and maintained under putting green conditions reduced or eliminated emergence of annual bluegrass seedlings. These results are similar, but not identical, to those obtained by Park and Landschoot (2003) in studies using surface applications of dazomet on turf growing in a silt loam soil maintained as a golf course fairway. Park and Landschoot (2003) reported improved, but not complete, control of annual bluegrass seedling emergence for plastic-covered dazomet treatments when compared to noncovered dazomet treatments. In the present study, plastic-covered dazomet treatments at 291, 340, and 388 kg·ha -1 dazomet, provided complete control of annual bluegrass seedlings in putting green turf. One reason for the improved effi cacy in the putting green study may be the lower quantity of viable seed near the soil surface (up to 2678 emerged annual bluegrass seedlings per 2.2 m 2 ) than in Park and Landschoot's fairway study (up to 3914 emerged annual bluegrass seedlings per 2.2 m 2 ). Another reason may be that the sandy loam soil present at the experimental site of the putting green study was more conducive to distribution of MITC and less likely to adsorb phytotoxic concentrations of MITC than the silt loam soil used in the fairway study. Gerstl et al. (1977) reported that coarse-textured soils (<20% clay) allow more MITC to remain in the soil solution, where it can be more effective against target organisms, than fi ne-textured soils. In fi ne-textured soils, adsorption of MITC to clay may cause a delay in the diffusion of MITC through the soil and into the soil solution, necessitating higher concentrations for effective pest control (Gerstl et al., 1977) .
Complete control of annual bluegrass seedlings is required in putting green renovation, where a high-quality and uniform putting surface is expected by golfers. Because complete control of seedling emergence was achieved in 2000 and 2001 when dazomet was applied at 291 kg·ha -1 and covered with plastic, it is possible that this is the threshold rate below which annual bluegrass control may decline. Unpublished preliminary studies showed that application of dazomet at 291 kg·ha -1 with a drop-type spreader did not provide uniform coverage and some established turf was not killed. Therefore, the rate of dazomet may need to be increased to 340 or 388 kg·ha -1 for improved control of established turf.
Basamid Granular product label instructions do not provide detailed information on seeding intervals for creeping bentgrass following applications of dazomet to putting green surfaces, but suggest waiting 7 to 10 d between surface applications on lawns and seeding turfgrasses. Results of the seeding interval experiment show that creeping bentgrass can be seeded 8 d after a surface application of dazomet (or 1 d after removing plastic sheets that were used to cover treated turf for 7 d) with no obvious detrimental effects to the newlyseeded turf. This fi nding is similar to results obtained by Park and Landschoot (2003) in which no detrimental effects were observed when creeping bentgrass was seeded 3 d after a dazomet application on fairway turf growing in a silt loam soil. Findings of the present study are based on a limited range of environmental and edaphic conditions, and more research should be conducted on safe seeding intervals following dazomet applications to determine the infl uence of soil texture, temperature, seeding depth, and water management on the inhibition of creeping bentgrass seed germination and establishment.
Clipping yield results from the seeding interval study indicate that a surge in creeping bentgrass growth occurred following dazomet applications. Increases in plant growth have been noted in other studies involving soil fumigants, including dazomet (Altman, 1970; Bernard and Hornby, 1982; Jenkinson et al., 1972; Park and Landschoot, 2003) . In a study involving 15 N-labelled dazomet, Chabrol et al. (1982) found that dazomet increased maize dry matter yields from 7 to 13 t·ha -1 . The authors reported that this yield increase could not be explained entirely by the nitrogen contained in dazomet, and they attributed some of the yield increase to nitrogen released from microbial biomass killed by the dazomet.
Results of this study indicate that dazomet has potential to be an effective fumigant for putting green renovation in the northern United States, where annual bluegrass is the primary target weed. Findings of this study should be tempered by the fact that MITC diffusion, volatilization, adsorption, and degradation varies with soil texture, moisture, and temperature (Gan et al., 1999; Gerstl et al., 1977 study will differ somewhat among the highly variable soil and environmental conditions that occur on golf courses throughout the northeastern United States. Potential users are encouraged to conduct preliminary tests to refi ne application rates and seeding intervals following dazomet applications before large scale use.
